We investigate light emission from ZnTe-based microcavities containing CdTe quantum dots (QDs), with 2D (planar cavity) and 0D (pillar cavities) photonic confinement. The angular distribution from the planar cavity is presented as well as 2D cross-sections of the far field distribution of radiation from the micropillars. The efficient and desirable modification of the isotropic radiation of the QDs is shown for such structures. The diffraction observed is found to be inherent for such experiments with large numerical aperture of the lens and small diameters of the investigated pillars. This diffraction is successfully modeled. 
Introduction
Photonic structures like planar or pillar microcavities have the ability to confine light on the wavelength scale. The most interesting features resulting from that fact include the possibilities to enhance the spontaneous emission rate from an emitter embedded inside the cavity [1] and efficiently collect emitted photons [2] . Taking advantage of these properties, InAs QDs in micropillar cavities were recently used as an ultrabright source of entangled pho-
Experimental details
The sample studied in this work was grown by molecular beam epitaxy. It contains a ZnTe lambda-cavity, designed for the resonance wavelength λ 0 of about 600 nm, sandwiched between two Distributed Bragg Reflectors (DBRs). They consist of 20 and 18 Bragg pairs at the bottom and top, respectively. The Bragg reflectors are lattice-matched to ZnTe, which is their high refractive index material. The low refractive index material is a superlattice consisting of MgSe, MgTe, and ZnTe. It provides a remarkably high refractive index contrast with respect to ZnTe (∆ > 0 5). In situ optical reflectivity monitoring during growth enabled good control of the layer thicknesses. Details of the DBR structure can be found elsewhere [4] . To provide 0D photonic confinement a set of micropillars of different diameters was cut out of the sample by means of a Focused Ion Beam (FIB) [5] . To probe the photonic properties of the cavities, a single CdTe QD layer was grown inside the cavity at its antinode, using an amorphous tellurium desorption method [6] . The ensemble of QDs served as a spectrally broad light source. At temperatures of the order of several tens of Kelvins the individual QD line structure is strongly suppressed due to efficient coupling with phonons. Then the emission, effectively funneled into the cavity modes, reveals their spectral structure [7] . The experimental setup comprises a cryostat with sample immersed in helium. An aspheric lens is mounted on a piezo-controlled xyz stage in the same helium bath. It collects the sample emission in a relatively wide angular range, as its numerical aperture is 0.68.
Emission of a planar microcavity
In planar microcavities, the photon energies of cavity modes depend on the propagation direction. In order to investigate this dependence, the method of Fourier plane imaging was used. In this method each parallel beam of light leaving the sample is focused to a single point on the focal plane, which in turn is imaged on the spectrometer slit. Figure 1 shows the thusly obtained emission intensity map. The emission was simulated using a simple model of a homogeneous microcavity with two highly reflecting mirrors. This assumption is well justified experimentally and leads to the following constructive interference condition ( -refractive index, δ and θ -propagation angle inside and outside of the microcavity, respectively, -cavity thickness, and λ -vacuum wavelength):
It leads to the following relation between the mode energy and the propagation angle:
(1)
The formula (1) was fitted to experimental data with two free parameters E 0 and , producing an excellent agreement ( Figure 1 ). The value of refractive index obtained from the fit, = 3 12, is consistent with available literature data for ZnTe ( = 3 05) [8] . 
Emission of micropillars
In order to image the emission of the pillars, the aspheric lens was used to project directly the pillar image on the spectrometer slit. The slit cut a vertical cross-section out of the image, which was dispersed horizontally by the spectrometer (see Fig. 2 ). Unlike the planar cavity case, where a continuous angular dependence of emission energy was observed, discrete energy values appear for pillar cavities. This results from the confinement of photons in all three dimensions: vertically by the Bragg reflectors and in-plane by the pillar lateral surface. A vertical modulation, visible also in Fig. 2 , will be discussed further below in terms of light diffraction. By deflection of the beam and consecutive collection of one dimensional, energy-resolved cross-sections of the emission, a set of two-dimensional emission patterns was obtained for a pillar of diameter of 1 5 µm for various emission energies (see Fig. 3 ). Polarizing optics used in the setup assured polarization resolution of the experiments. We select for presentation the results obtained for the 1 5 µm pillar, as excellent spectral separation of the modes is observed in this case. The first mode is circularly symmetrical and well centered, while the higher ones have increasingly more nodes and antinodes, especially in the azimuthal direction. Such far-field radiation reflects the electromagnetic field distribution inside the micropillar, and the pattern is in qualitative agreement with reported calculations of such intra cavity field modeled for circular waveguides [9, 10] . This knowledge may be used in the future for cutting cavities containing single QDs at resonance with any of the cavity modes as positioning at the electromagnetic field antinode is favorable for resonant effects. This is promising in regard to plans of incorporating QDs containing single Mn ions in pillar cavities. Recent experiments have shown the possibility to use such ions as ultimate, one-atom memory cells [11, 12] . The information is stored in the spin-state of the manganese ion, while the access is provided by optical methods. By coupling excitations of such a QD to a cavity mode, one expects an enhancement of the spin-state control efficiency.
For pillars of diameters smaller than 5 µm the emitted radiation is coherent enough for Fresnel diffraction to occur. The aspheric lens used has a relatively high numerical aperture (0.68), which results in a significant number of Fresnel zones within its diameter (5 mm), seen from the spectrometer slit placed at a distance of 1.8 m. This is at the origin of the strong modulation of the resulting radiation pattern, oscillating in the radial direction. From the point of view of diffraction the experimental setup is equivalent to a parallel beam of light diffracted on a circular aperture of diameter equal to that of the lens. Numerical simulations of such diffraction for a parallel and slightly convergent or divergent beams show, that the diffraction pattern (especially the positions of diffraction maxima) is weakly affected by the convergence of the beam i.e. the position of the sample with respect to the lens focus. The simulation result is compared with the experimental emission pattern on Fig. 4 . A striking similarity of the simulated and experimentally observed pattern is visible. Furthermore, the radial patterns of different modes (Fig. 3) are very close to each other. Therefore we conclude that the diffraction of light on the lens aperture is the dominant source of the observed radial modulation. The use of an aspheric lens placed in the cryostat enabled high magnification combined with efficient collection of photons, emitted even at angles up to around 43 degrees (defined by the lens numerical aperture = 0 68) with respect to the pillar long axis. This result would be much more difficult to achieve with an objective lens outside the cryostat. For future cavity quantum electrodynamics (cQED) experiments with QDs containing a single Mn in magnetic fields of the order of a few teslas, a setup with an imaging lens placed directly in an immersion cryostat is certainly a solution of choice.
Summary
The angular distribution of light emitted from a planar cavity and pillar cavities was studied using an aspheric lens placed in the cryostat. Strong modification of the isotropic radiation distribution from QDs due to their incorporation into the investigated photonic structures was demonstrated. For a planar microcavity the expected angular dependence of photon energy was demonstrated in a wide angular range. The model description of this dependence yielded a value for the cavity refractive index in agreement with literature data available for ZnTe. Pillar cavities show a pronounced modification of the emission pattern also in the azimuthal direction. Diffraction effects, expected at the parameters of the experiment (wavelengths below 600 nm, large angular range of detection, pillar diameters of the order of 1 µm) are successfully explained by numerical simulations. The demonstrated properties set a promising perspective for application of ZnTe-based photonic structures in a variety of cQED experiments.
